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In Brief
Detailed phylogenomic analyses by Schwenter et al. find Remipedia to be the sole sister group of Hexapoda, providing a resolution to the long-standing question about the origin of insects. The previously proposed clade of Remipedia + Cephalocarida is shown to be an artifact of long-branch attraction and compositional heterogeneity.
Insects, the most diverse group of organisms, are nested within crustaceans, arguably the most abundant group of marine animals. However, to date, no consensus has been reached as to which crustacean taxon is the closest relative of hexapods. A majority of studies have proposed that Branchiopoda (e.g., fairy shrimps) is the sister group of Hexapoda [1] [2] [3] [4] [5] [6] [7] . However, these investigations largely excluded two equally important taxa, Remipedia and Cephalocarida. Other studies suggested Remipedia [8] [9] [10] [11] or Remipedia + Cephalocarida [12, 13] as potential sister groups of hexapods, but they either did not include Cephalocarida or used only Sanger sequence data and morphology [9, 12] . Here we present the first phylogenomic study specifically addressing the origins of hexapods, including transcriptomes for two species each of Cephalocarida and Remipedia. Phylogenetic analyses of selected matrices, ranging from 81 to 1,675 orthogroups and up to 510,982 amino acid positions, clearly reject a sister-group relationship between Hexapoda and Branchiopoda [1] [2] [3] [4] [5] [6] [7] . Nonetheless, support for a hexapod sister-group relationship to Remipedia or to Cephalocarida-Remipedia was highly dependent on the employed analytical methodology. Further analyses assessing the effects of gene evolutionary rate and targeted taxon exclusion support Remipedia as the sole sister taxon of Hexapoda and suggest that the prior grouping of Remipedia + Cephalocarida is an artifact, possibly due to long branch attraction and compositional heterogeneity. We further conclude that terrestrialization of Hexapoda probably occurred in the late Cambrian to early Ordovician, an estimate that is independent of their proposed sister group [4, 8, 12, 14] .
RESULTS
Resolving the sister-group relationships of Hexapoda-the clade that includes insects-is a pivotal challenge in arthropod phylogenetics. A multitude of molecular phylogenetic and recent morphological studies have clearly established that Hexapoda is nested within paraphyletic Crustacea (summarized in [15, 16] ), together comprising the taxon Tetraconata or Pancrustacea [17, 18] . Understanding the processes underlying the terrestrialization of Hexapoda as well as the evolutionary transformations throughout the evolution of Tetraconata requires a well-founded phylogenetic framework [4, 14] . Although most phylogenomic studies have recovered a clade named Allotriocarida, which includes Branchiopoda, Cephalocarida, Remipedia, and Hexapoda ([2, 4, 5, 9, 10, 12]; but see [8, 13, 14] ), no consensus has been reached regarding the relationships within Allotriocarida, and few analyses have included all four allotriocaridan taxa; in particular, remipedes and cephalocarids were poorly represented or missing. Three competing hypotheses regarding the sister group of hexapods have been proposed: (1) Cephalocarida + Remipedia (i.e., Xenocarida) [12, 13] , (2) Remipedia [8] [9] [10] [11] 14] , and (3) Branchiopoda [1] [2] [3] [4] [5] [6] . Discrepancies between studies are difficult to discern due to limited taxon sampling and sequence data, especially with respect to distinguishing whether Remipedia or Xenocarida is the sister group of Hexapoda. For example, of the nine above-cited studies, Cephalocarida was represented only in three, and even expressed sequence tag (EST) studies relied on limited Sanger data, sometimes combined with morphological data [9, 12, 13] . And in recent morphological analyses, the inclusion of fossils and Myriapoda affected whether Remipedia (with fossils, without Myriapoda) or a monophyletic Crustacea (without fossils, with Myriapoda) is the extant sister group of Hexapoda [11] . None of the studies that recovered Branchiopoda + Hexapoda included Cephalocarida, making this hypothesis difficult to justify-yet it remains a prevalent hypothesis to explain the origin of insects.
Resolving the phylogenetic relationships of the tetraconatan main taxa, and specifically the sister-group relationships of hexapods, requires a better representation of the relictual Cephalocarida and Remipedia. Both taxa are difficult to collect and species poor, with 12 and 27 species, respectively [19, 20] . Cephalocarids inhabit marine sediments rich in organic matter and ranging from the intertidal to the deep sea with very patchy distributions. Remipedes are exclusively found in subterranean, often landlocked marine (anchialine) caves and lava tubes in the Caribbean region, Canary Islands, and Western Australia.
Our study is the first phylogenomic analysis tailored to address the evolutionary origins of Hexapoda that includes transcriptomes of two species of each of these enigmatic taxa, and thus involved targeted sampling, including extremely technical cave diving. We analyzed 40 arthropod transcriptomes and genomes, of which 20 transcriptomes were newly sequenced (Figures 1 and S1 ; Table S1 ; all scripts, matrices, and phylogenetic trees can be accessed at https://dataverse.harvard.edu/dataverse/Hexapoda_ sister_group). Five amino acid data matrices with gene Matrix 3 comprises 1,077 decisive orthogroups and 301,748 amino acid positions. The depicted tree is based on two independent chains (which did not fully converge because of differences in Copepoda intra-relationships). Support values for all analyses are plotted on or below respective branches as specified in the legend at the top-right corner. For support of alternative topologies within Allotriocarida, see Figure 2 . Individuals highlighted in bold were newly sequenced for this study (Table S1 ). For more details on the respective matrices, refer to Table 1. See also Tables S1, S2, S3, and S5 and Figures S1, S2, and S3. occupancies between 85% and 50% were assembled from orthogroups (i.e., sets of orthologous genes) identified with OMA [21]-a graph-based all-by-all orthology method with high precision [22] . All orthogroups were masked with Zorro [23], and orthogroups with compositional heterogeneity were identified with BaCoCa v1.107 [24] and removed (Table S2) .
Taxon representation bias per orthogroup can influence phylogenetic analyses, especially when certain taxa share few orthogroups. To avoid such bias, we only included decisive orthogroups (sensu [3] ) in four of the matrices (matrices 1, 2, 3, and 5). An orthogroup was deemed decisive if it included at least one representative of each of the four allotriocaridan taxa (i.e., Branchiopoda, Cephalocarida, Hexapoda, and Remipedia). To account for potential conflicting signals from very quickly and very slowly evolving orthogroups, matrix 5 is a reduced version of matrix 3 in which orthogroups with the most extreme rates of evolution were removed, i.e., the 20% fastest-and slowestevolving orthogroups ( Figure S2 ; Tables 1, S2 , and S4).
The resulting matrices comprised 81 to 1,675 orthogroups with 20,227 to 510,982 amino acid positions and 13.3%-38.1% missing data (Tables 1, S2, and S3 , and a concatenation-free coalescent approach using ASTRAL [31] with individual genetrees generated with RAxML. In addition, matrix 5 was converted into a six-state matrix using Dayhoff recoding, an approach that reduces artifacts resulting from compositional heterogeneity and long-branch attraction [32] , and then analyzed with RAxML.
All analyses unambiguously recovered monophyletic Allotriocarida ( Figure 1 ; Table S5 ). However, the relationships within Allotriocarida were dependent on the employed method and, to a lesser extent, on the analyzed matrix (Figures 1 and 2 ). Xenocarida (Remipedia + Cephalocarida) as sister group of Hexapoda was recovered in all Bayesian analyses with ExaBayes, all maximum-likelihood analyses with RAxML of the five amino acid matrices (though with low support in matrices 1, 4, and 5), and in some maximum-likelihood analyses employing PhyML-PCMA (matrices 1, 2, and 3). Conversely, Hexapoda + Remipedia was recovered in two PhyML-PCMA analyses (matrices 4 and 5); in nearly all Bayesian analyses with PhyloBayes employing the complex site-heterogeneous CAT-GTR model (matrices 1, 3, and 5; matrix 4 was not analyzed due to its size); in the coalescence analyses with ASTRAL of matrices 3, 4, and 5 ( Figures 1  and 2) ; and in the RAxML analysis with Dayhoff recoding. In these analyses, Branchiopoda, rather than Cephalocarida, was sister group to Remipedia + Hexapoda (Table S5) .
For PhyloBayes, two independent chains per matrix were run but did not fully converge for matrices 2, 3, and 5. The chains of matrices 3 and 5 did not converge due to diverging topologies within Copepoda and Malacostraca, but they recovered Hexapoda + Remipedia with full support each. Thus, regarding Allotriocarida and their internal relationships, the chains are not in conflict, rendering these analyses informative for our purposes despite the lack of global convergence. Surprisingly, one PhyloBayes chain of matrix 2 had full support for Hexapoda + Remipedia, whereas the other had full support for monophyletic Xenocarida with Branchiopoda as the sister group of Hexapoda (the only analysis that partially supported Branchiopoda + Hexapoda; Figures 1 and 2) . A third chain was run, which also recovered Hexapoda + Remipedia. In general, support for Hexapoda + Xenocarida decreased whereas support for Hexapoda + Remipedia increased with larger matrices (e.g., matrix 4), by removal of the fastest-and slowest-evolving orthogroups (matrix; Figures 1  and 2 ) and by use of Dayhoff recoding. A comparison of likelihood scores obtained under a model that corrects for heterotachy in protein evolution favored different topologies for all four tested matrices with very similar likelihood scores between topologies ( Figure 2 ).
To better understand support for the two competing hypotheses-Xenocarida or Remipedia as sister group of Hexapodawe combined evolutionary-rate analyses with taxon-removal analyses. All decisive orthogroups (i.e., matrix 3) were sorted by their evolutionary rate and divided into bins, each representing 20% of the observed evolutionary rate (e.g., the 20% slowest evolving). RAxML analyses of each of these bins were performed once with all taxa included, once with Remipedia excluded, and once with Cephalocarida excluded. These same taxon-removal experiments were also conducted for matrices 3 and 5. There was no clear correlation between evolutionary rate and support for various clades ( Figure S3 ). Support for Xenocarida + Hexapoda, as recovered previously with RAxML, was low in many instances (Figures 1 and S3C) . Support for Xenocarida was usually higher than it was for Xenocarida + Hexapoda (Figures 1 and S3) . Tables S2, S3 , and S4 and Figure S1 and S2.
When Cephalocarida was removed, Remipedia clustered with Hexapoda ( Figure S3A ), but when Remipedia was removed, Branchiopoda clustered with Hexapoda ( Figures S3F and S3I ). This is compatible with our PhyoBayes CAT-GTR and ASTRAL results and suggests that the placement of Cephalocarida closer to Remipedia and Hexapoda was an artifact. A molecular-clock analysis with 12 fossil calibration points (based on the topology shown in Figure 1 ) was performed with PhyloBayes employing an uncorrelated gamma multipliers (ugam) model (Figure 3 ). This analysis suggests that the evolution of the four allotriocaridan taxa spanned about 40 million years in the Precambrian to mid-Cambrian. The mean age of the split between Remipedia and Hexapoda was estimated at 519 Ma, followed by the diversification of crown-group Hexapoda at 482 Ma.
DISCUSSION
The sister-group relationships of Hexapoda-a major question in arthropod phylogenetics-varied greatly in previous analyses. The prevalent hypothesis that Branchiopoda is the sister taxon to Hexapoda [1] [2] [3] [4] [5] [6] found no support in our study. This topology is probably an artifact of incomplete taxon sampling, despite some of these studies including Remipedia [2, 4] . Although some ambiguity is reflected in our results, most analyses indicate one of two topologies: Hexapoda + Xenocarida or Hexapoda + Remipedia.
Xenocarida was recovered as putative sister taxon to Hexapoda (a clade called Miracrustacea [13] ) in half of our phylogenetic analyses. However, several lines of evidence suggest that Xenocarida is an artifact (potentially of long-branch attraction and/or compositional heterogeneity) and that Remipedia is the sole sister group to Hexapoda. First, Xenocarida is recovered with the simpler and faster analyses, but not under more complex models of evolution-e.g., CAT-GTR, which is suggested to resolve instances of long-branch attraction and compositional heterogeneity [33] . Cephalocarida and Remipedia have both the longest stems within Allotriocarida and relatively short internodes. This combination may lead to long-branch attraction artifacts under certain models of amino acid evolution as exemplified by RAxML analyses of the Dayhoff-recoded matrix. Here, Remipedia + Hexapoda were recovered, whereas RAxML analyses of the standard amino acid matrix recovered Xenocarida. Second, taxon-exclusion analyses suggest that Branchiopoda and Remipedia are closer to Hexapoda than to Cephalocarida. Third, published phylogenomic support for Xenocarida is based solely on the 62 Sanger gene set of Regier et al. [13] (partly in combination with morphological data [12]), which has been analyzed predominantly at the nucleotide level and has been shown to be affected by serine codon bias [34] .
Moreover, there is no morphological support for Xenocarida or Miracrustacea [35-37], but there is for Remipedia + Hexapoda. Potential apomorphies for the latter clade include the presence of certain serotonergic, unipolar neurons with only a contralateral projection in the ventral nerve cord [37], as well as several apomorphies previously suggested for a clade of Remipedia + Tracheata (Tracheata = Hexapoda + Myriapoda) [38, 39] , assuming convergent evolution in Myriapoda: the labium (the basally fused second maxillae of Remipedia is assumed to be functionally a labium [40] ), the internalization of the mandible, and the reduction or loss of the second antenna. However, most morphological correspondences in complex neuro-anatomical characters that seemed to support close affinities of Remipedia and Hexapoda (e.g., [41, 42] ) are largely shared with Malacostraca and must be interpreted as plesiomorphic [35] . Although our favored sister group of Hexapoda is not entirely new, it had been primarily recovered in phylogenomic studies that lacked Cephalocarida [2, 8, 10, 14]) and thus could not test the alternative hypothesis of Xenocarida + Hexapoda. Interestingly, Oakley et al.
[9], who used Sanger and morphological data for Cephalocarida, found a sister-group relationship of Remipedia and Hexapoda in their overall tetraconatan analyses (their Figure 1 ), but they recovered Branchiopoda + Cephalocarida as sister taxon to Hexapoda in an analysis tailored for Allotriocarida (their Figure 2) .
We propose the name Labiocarida new taxon (derived from ''labium'' [Latin: lip] and ''carida'' [Greek: prawn]) for the clade comprising Hexapoda and Remipedia based on the presence of the functional labium in both taxa. The larvae of Remipedia, Branchiopoda, and Cephalocarida have a mandibular palp that is lost in the adult [43] and that may represent an apomorphy for Allotriocarida. Branchiopoda is probably the sister taxon of Labiocarida. Consequently, we assert that Cephalocarida branches more basally within Allotriocarida than previously thought.
Although a marine origin of Hexapoda has been proposed based on fossil evidence [44], these fossils were later refuted [45] , and phylogenetic evidence supported either marine [4, 10] or freshwater [7] origins. Based on habitat reconstructions, a freshwater origin of Hexapoda would be unlikely even if Branchiopoda were their sister group (based on the assumption that marine Rehbachiella is a stem lineage branchiopod) [4] , and our results further reinforce the hypothesis of the terrestrialization from marine habitats. Terrestrialization most likely occurred between the split of Hexapoda and their extant sister group and the diversification within crown-group Hexapoda. Our molecular-clock analysis as well as a range of other studies places this time interval in the late Cambrian to early Ordovician [4, 8, 12, 14]. This congruence is particularly notable because it is independent of the proposed sister-group hypothesis with concurring studies hypothesizing different hexapod sister groups-Remipedia, Xenocarida, or Branchiopoda. It should be noted that others suggested later terrestrialization of Hexapoda in the Ordovician to Devonian [9] .
The phylogenetic relationships presented here offer an updated perspective on the evolution of Allotriocarida and on the transitions that led to the evolution of the most diverse clade of organisms, Hexapoda. By focusing on key taxa and by providing novel transcriptomic data, we were able to address and test a series of specific hypotheses regarding the sister-group relationship of Hexapoda. We propose Remipedia as the sister group of Hexapoda, forming the new clade Labiocarida, with Branchiopoda as their closest extant relative. The phylogenetic relationships described herein can now serve as the basis for studying character transformations during the evolution of Tetraconata, particularly in conjunction with the well-resolved phylogenetic relationships within Hexapoda [8] .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: The topology is based on the PhyloBayes analyses of matrix 3 ( Figure 1) ; the fossil-calibrated molecular-clock analyses with 12 calibration points (dark-gray squares on respective nodes) were run with matrix 1 in PhyloBayes using a birth death prior. The depicted calibrated tree and all age estimates are based on the uncorrelated gamma multipliers (ugam) model. The corresponding error bars represent the 95% confidence intervals. 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Martin Schwentner (martin.schwentner@outlook.com).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
A detailed list of all studied species including collection details as well as individual GenBank accession numbers is presented in Table S1 .
METHOD DETAILS
Sample collection and mRNA preparation The study design was tailored to address the sister group relationships of Hexapoda. Sampling effort focused on the three most likely sister groups of Hexapoda, namely Branchiopoda, Cephalocarida and Remipedia. To reduce computational efforts, not all available hexapod transcriptomes were sampled, but one representative of each basal hexapod lineage was included. Furthermore, multiple representatives of all other tetraconatan main lineages (e.g., Malacostraca, Thecostraca, Copepoda, and Oligostraca) were included to test the monophyly of Allotriocarida and to infer overall relationships within Tetraconata. As outgroups four representatives each of Myriapoda and Chelicerata were chosen. Published transcriptomes and genomes were downloaded from public sequence repositories (Table S1 ).
To generate new transcriptomes, tissue of lab-reared or freshly collected individual animals was fixed in RNAlater or transferred directly into TRIzol (Thermo Fisher Scientific) and stored at À80 C (see Table S1 for details on individuals and Figure S1 for an overview of the procedures). RNA extraction, cDNA library preparation and sequencing follows the methods laid out by Lemer et al. [57] . Tissue was homogenized with a drill in cooled TRIzol and topped up to a final volume of 1 mL. After 5 min incubation, 100 ml BCP (1-bromo-3-chloropropane) were added and incubated for another 5-10 min. The mix was centrifuged at 16,000 rcf for 15 min at 6 C and the top clear layer was transferred into a fresh tube to which 600 ml isopropanol and 0.5 ml glycogen were added. To precipitate total RNA the mix was incubated overnight at À20 C and then centrifuged with 16,000 rcf for 15 min at 4 C. The supernatant was poured off and the pellet washed twice with 75% ethanol. After drying, the total RNA pellet was re-suspended in 50 ml Tris-HCl. mRNA was purified with the aid of magnetic oligo(dT) 25 -coated Dynabeads (Dynabeads mRNA DIRECT Purification Kit, Thermo Fisher Scientific) which specifically bind mRNA. 100 ml of Dynabeads were washed twice with binding buffer and eluted in 50 ml binding buffer. Prior to mixing the 50 ml total RNA with Dynabeads, the RNA was denatured at 65 C for 5 min and cooled on ice for 1 min. The RNA-Dynabead mixture was incubated for 20 min and constantly rotated to avoid settling of beads. Beads with bound mRNA were magnetized and the supernatant removed. After washing beads twice, they were re-suspended in 18 ml of Tris-HCl, heated for 2 min at 80 C to release mRNA and placed on the magnet again. The mRNA containing supernatant was retained for cDNA preparation.
cDNA library preparation and sequencing Quality and quantity of mRNA were assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies) using the RNA pico assay (Agilent Technologies). If the retained amount of rRNAs was excessively high, the Dynabead mRNA purification was repeated as described above. Fragmented cDNA libraries with 200 bp fragment sizes were constructed using SuperScript III reverse transcriptase (Thermo Fisher Scientific) and the PrepX library preparation kit (Wafergen Biosystems) on an Apollo 324 (Wafergen Biosystems). Libraries were each indexed with one of twelve indices of the PrepX mRNA library preparation kit for Illumina which allows multiplexing libraries during sequencing (see Table S1 ). To increase library concentrations, PCRs were performed with the Kapa Library Amplification kits (Kapa Biosystems). Depending on the initial mRNA quantity, 10 to 20 PCR cycles were run. The amplified libraries were cleaned-up with standard magnetic beads (Aline) employing the PCR clean-up protocol on the Apollo. Mean fragment length were determined on an Agilent 2100 Bioanalyzer using the HSDNA assay (Agilent Technologies) and concentrations were assessed with Kapa Library Quantification kits (Kapa Biosystems). 150bp paired-end libraries were sequenced on an Illumina HiSeq 2500 at the FAS Center for Systems Biology at Harvard University, multiplexing 12 samples on two lanes.
Transcriptome assembly and orthology prediction Reads were demultiplexed, concatenated and then quality-trimmed with Trim Galore! (http://www.bioinformatics.babraham.ac.uk/ projects/trim_galore/) to remove adaptor sequences and all bases with Phred scores below 30. Reads shorter than 25 bp were discarded (the length of the minimum read length corresponds to the kmer size in the subsequent Trinity assembly and the great majority of retained reads were > 80 bp). Post-trimming quality was assessed with FastQC. Reads of mtDNA or rRNAs were filtered out because all contigs will be converted into amino acid sequences after assembling the transcriptome, which, of course, cannot be done for rRNAs and which requires a different codon usage for protein-encoding mtDNA. To avoid any confounding effects, only mRNA representing protein coding nuclear DNA was included in the phylogenetic analyses. To filter out rRNA and mtDNA reads, all available mtDNA and rRNA sequences for the respective taxa were downloaded from GenBank (separately for Crustacea, Hexapoda and the outgroups Chelicerata and Myriapoda) and converted into Bowtie2 [48] indices. Reads of each transcriptome were aligned against the respective index with Bowtie2 and only the unaligned paired reads were retained for de novo assembly in Trinity [46, 47] using Trinity's default parameters: kmer length of 25, path_reinforcement_distance of 50. After assembling the contigs, remnant mtDNA and rRNA contigs were again filtered out with Bowtie2 using the same indices as before.
One of the main challenges in phylogenomic analyses is the identification of putative orthologous genes among the various species analyzed (orthogroups). As a first step, redundancy within each transcriptome was reduced by eliminating similar isoforms with CD-HIT-EST [49] with a 95% similarity cut-off, which removes highly similar contigs. The retained contigs were translated into the respective amino acid sequence with TransDecoder [47] . TransDecoder identifies open reading frames and translates the nucleotide sequence accordingly. Following TransDecoder two custom Python and Perl scripts were employed to select the longest isoform of each translated gene (see Table S1 ) and to convert each gene into a single line (choose_longestMOD_v2.py and singleline.pl; all scripts, matrices and phylogenetic trees can be accessed at https://dataverse.harvard.edu/dataverse/Hexapoda_sister_group).
The downloaded transcriptomes were assembled and curated as described above. Published genomes were only subjected to clustering with CD-Hit to reduce redundancy.
Orthologous genes among all transcriptomes and genomes were identified with OMA stand-alone v0.99 [21, 50] using default parameters. OMA is an all-by-all graph-based Markov clustering method with a particular high precision in identifying orthologous genes and in discriminating paralogs [22] , which is crucial for phylogenomic approaches. The vast majority of computations were run on the Odyssey cluster supported by the FAS Division of Science, Research Computing Group at Harvard University.
Matrix Assembly
For each of the 138,459 unique orthogroup predicted by OMA all amino acid sequences were aligned with Muscle v.3.8.31 [55] . Sequence headers were sanitized with a custom Python script to retain species identifiers only (replace_header.py). To reduce noise due to potentially ambiguously aligned positions each aligned orthogroup was subsequently masked with Zorro [23], which assigns probability scores of 0-10 to each column in the alignment. Columns with confidence scores below 5 were removed with a custom Python script (zorro.py; see Table S2 ).
Five different amino acid matrices were created for subsequent phylogenetic analyses to account for potential biases in orthogroup occupancy, to optimize the number of orthogroups utilized and to account for different evolutionary rates of the included orthogroups. It should be noted that in four of these matrices each orthogroup featured at least one representative of each allotriocaridan main taxon (i.e., Branchiopoda, Cephalocarida, Remipedia and Hexapoda), which are deemed crucial to resolve the sistergroup relationship of Hexapoda, avoiding artifacts caused by missing taxa.
The initial criterion for all matrices was gene occupancy, as in Hejnol et al. [58] . First, the number of species present in each orthogroup derived by OMA was counted with a custom Python script (parseoma.py). Based on these counts, the cut-off values for minimal occupancy matrices were chosen and the orthogroups meeting these criteria were selected and assembled with a custom Python script (selectslice.py). Employed occupancy thresholds were: 85% (an orthogroup must be represented in R 34 species to be selected) for matrix 1, 75% (R30 species) for matrix 2, and 50% (R20 species) for matrix 3 (Table 1) . Before orthogroups were concatenated into the respective matrices all orthogroups with compositional heterogeneity and all non-decisive orthogroups (sensu [3] ) were removed (see Table S2 for details on all orthogroups). Compositional heterogeneity was identified with BaCoCa v1.107 [24] and orthogroups with an overall p value < 0.95 in the chi-square test were removed. Decisive orthogroups sensu Dell'Ampio et al. [3] must include at least one species of each of the four main Allotriocarida taxa to decisively resolve the relationships among these taxa. Non-decisive orthogroups lack at least one of these taxa and may result in artificial sister group relationships [3] . A custom Python script was used to identify non-decisive orthogroups (count_taxa.py). To maximize the number of orthogroups and to assess the potential impact of non-decisive orthogroups, we created matrix 4, which extended matrix 3 by including also non-decisive orthogroups with 50% occupancy. Matrix 4 includes the largest number of orthogroups ( Figure S2 ; Tables 1 and S2 ). To account for potential bias based on evolutionary rates (see below for details on evolutionary rate assessment), matrix 5 was constructed by discarding the orthogroups with the 20% highest and 20% lowest evolutionary rates of matrix 3. BLAST searches were used to annotate the respective gene representing each orthogroup (Table S2 ) and to ascertain that no orthogroup represented bacterial DNA (none detected). One sequence per orthogroup was blasted against the NCBI nr database (blastp). When available, the genome sequences of D. melanogaster or Daphnia pulex were used, if none of these were represented in an orthogroup the respective longest sequence was chosen. Orthogroups were then concatenated with Phyutility [56]. For RAxML the HPC2 on XSEDE of the CIPRES Science Gateway [60] was used. One hundred rapid bootstrap replicates (-f) were calculated employing the PROTGAMMALG4X substitution model partitioning by orthogroups. The parsimony random seed (-p) and bootstrap random seed (-x) were set to 12345. To assess the potential of long-branch attraction of Cephalocarida and Remipedia, three additional RAxML analyses of matrix 3 were run with either all Branchiopoda, all Cephalocarida or all Remipedia removed.
Phylogenetic Analyses
ExaBayes analyses consisted of two runs with two chains and up to 5*10 6 generations each using MPI and enabling memory saving (-S). The starting seed number was 123. Analyses were run until both runs had average standard deviation of split frequencies (asdsf) below 5% for at least 10 6 generations. A consensus of both runs was then created discarding the first 25% of all trees (in all cases this retained only trees with asdsf < 5%). The settings for PhyML 3.0 were: 10 principal components (-pcs 10), empirical determination of amino acid frequencies (-f e), model PCMA (-m PCMA), SPR tree topology search option (-s SPR), initial random starting tree (-rand_start), number of random starting trees set to 3 (-n_rand_start 3) with random seed 123 (-r_seed 123) and defining the data as amino acids (-d aa) and sequential (-sequential).
To account for potential site-specific amino acid preferences (i.e., compositional heterogeneity) PhyloBayes MPI [28] using the CAT-GTR model [27] was employed. CAT-GTR is also thought to be best suited to resolve instances of long-branch attraction [33, 59] . Apart from invoking CAT and GTR, standard settings were used. For each matrix two independent chains were computed, their convergence was evaluated with the bpcomp and tracecomp commands.
For the coalescence-based approach with ASTRAL, individual gene trees were calculated with RAxML for each orthogroup included in each of the matrices employing the PROTGAMMALG4X substitution model and setting the parsimony random seed (-p) 12345. Based on these individual gene trees the underlying species trees were calculated. Nodal support was assessed with local posterior probabilities provided by ASTRAL.
To test alternative hypotheses regarding the sister group relationships of Hexapoda and the phylogenetic relationships of allotriocaridan taxa, likelihood scores of seven alternative topologies ( Figure 2 ) were compared. These topologies were either suggested in earlier studies or were obtained in any of the phylogenetic analyses performed (including analyses of various evolutionary rates, see below). To account for site-specific changes of evolutionary rates across evolutionary time (heterotachy or covarion evolution), which may impact phylogenetic inferences, the program Procov 2.0 [53] was used as it can assess the likelihood of alternative tree topologies under a range of models of covarion evolution. The most complex General Model (general.opt) was chosen. All default options were retained, except that initial branch lengths were discarded (INIT_LENGTH = REDO). Matrix 4 was excluded from these analyses because of its size.
To assess the impact of compositional heterogeneity Dayhoff recoding was employed on matrix 5. Instead of coding each amino acid individually, they are grouped by their properties into six classes, which were assigned numbers 0-5: AGPST, FWY, C, HKR, ILMV and EDNQ. This reduction should minimize effects of compositional heterogeneity as well as of long-branch attraction [32] ). The recoded matrix was analyzed with RAxML using multigamma GTR (-m MULTIGAMMA -K GTR).
Molecular clock analyses
To estimate the ages of Allotriocarida and of clades within Allotriocarida, a molecular clock analysis was performed with PhyloBayes, as this analysis was not tractable in BEAST. To have the highest level of completeness with as little missing data as possible, matrix 1 was used for the dating and the topology was constrained to the one obtained with matrix 3 using PhyloBayes (Figure 1 ). Divergence times were estimated using a birth death prior (-bd) under an uncorrelated gamma multipliers (-ugam) model. Two independent chains were computed, using 12 fossil calibration points. In general, we followed the fossil calibrations suggested by Wolfe et al. [61] . However, to avoid constraining numerous nodes based on the same fossil, each fossil was used to constrain only a single node. Therefore, no maximum age was set for most nodes (scored À1 in PhyloBayes), as their age constraint would have been identical to that of the root. Furthermore, we used the oldest known trilobite [62] to constrain the minimum age of Arthropoda and the oldest fossils representing stem or crown group Branchiopoda [63] to constrain the split between Branchiopoda and Labiocarida (the exact age of the fossils is unknown but they are certainly Cambrian [T.H.P. Harvey, personal communication], therefore, we constrained the minimum age to the end of the Cambrian). We employed the following age constraints: Arthropoda 521-636. . Convergence between chains was verified and the chain with the best tree (i.e., the one with the highest ESS) was chosen.
Testing the impact of evolutionary rates
Genes with different evolutionary rates can result in conflicting topologies (e.g., [64, 65] ). To assess the impact of evolutionary rate in the dataset and potential topological conflict among orthogroups with different evolutionary rates, a set of smaller test matrices was created. For each orthogroup represented in matrix 3 (50% occupancy, decisive, orthogroups with compositional heterogeneity excluded) the level of conservation (-sct) was calculated with trimAl [51] . This measure was then inversed to obtain an estimate of evolutionary rate, with higher rates indicating faster evolution. Orthogroups were sorted by their evolutionary rate, grouped into bins of 20% increments (i.e., 0%-20% slowest evolving, 20%-40% slowest evolving, etc.; Figure S2 , Table S3 ) and concatenated. Each of these matrices with specific evolutionary rates was analyzed with RAxML v. 8 using the same settings as described above. Alternative topologies were evaluated with SumTrees 4.0 [52] of the DendroPy package [66] to draw respective support values onto respective topologies and to assess differences in support among analyses. To further test the potential effects of long-branch attraction (see RAxML analyses above), additional RAxML analyses were performed for each bin with either Cephalocarida or Remipedia removed.
Phylogenetic signal and signal-to-noise ratio were assessed for each bin with PhyDesign [54] . As input tree the PhyloBayes tree derived from matrix 1 was used and converted into an ultrametric tree using the ape package in R 2.12.0 (R Development Core Team 2010). PhyDesign allows assessing signal and noise for a specific epoch of the specified tree. Here the time from the split of Multicrustacea and Allotriocarida to half the branch length of Hexapoda (approximately the same length as the basal branch within Allotriocarida) was chosen, which spanned $7% of the ultrametric tree. PhyDesign provides the total signal per site per orthogroup and the respective probability that the signal is noise. Based on these values, corrected per site signals and signal to noise ratios were calculated.
DATA AND SOFTWARE AVAILABILITY
All scripts, amino acid matrices and phylogenetic trees can be accessed at https://dataverse.harvard.edu/dataverse/ Hexapoda_sister_group. The accession number for the BioProject associated with all raw reads reported in this paper is GenBank: PRJNA328606. Individual SAMN numbers for the raw read data of each species are listed in Table S1 .
